The hydraulic conductance (L ! ) of detached, exuding root systems from melon (Cucumis melo cv. Amarillo oro) was measured. All plants received a half-strength Hoagland nutrient solution, and plants stressed either solely with NaCl (50 mM) or with NaCl (50 mM) following treatment (2 d) with CaCl # (10 mM) were compared with controls and CaCl # -treated (10 mM) plants. The L ! of NaCl-treated plants was markedly decreased when compared to control and CaCl # -treated plants, but the decrease was smaller when NaCl was added to plants previously treated with CaCl # . A similar effect was observed when the flux of Ca# + into the xylem and the Ca# + concentration in the plasma membrane of the root cells were determined. In control, CaCl # -and NaCljCaCl # -treated plants, HgCl # treatment (50 µM) caused a sharp decline in L ! to values similar to those of NaCl-stressed roots, but L ! was restored by treatment with 5 mM DTT. However, in NaCl roots only a slight effect of Hg# + and DTT were observed. The effect of all treatments on L ! was similar to that on osmotic water permeability (P f ) of individual protoplasts isolated from roots. The results suggest that NaCl decreased the passage of water through the membrane and roots by reducing the activity of Hg-sensitive water channels. The ameliorative effect of Ca# + on NaCl stress could be related to water-channel function.

Salt stress, one of the major factors limiting crop production, may reduce plant growth by water deficit, ion toxicity, ion imbalance, or a combination of these factors (Cramer et al., 1986) . However, the mechanism by which salinity inhibits growth is poorly understood (Cheeseman, 1988) . To maintain turgor, plants grown under salt stress have been found to reduce the osmotic potential in order to achieve water uptake, but even so, a decrease in the hydraulic conductivity of root membranes was observed (Azaizeh & Steudle, 1991 ; Carvajal et al., 1999) .
Water channels or aquaporins allow water to pass freely across the cellular membranes, following osmotic or hydrostatic pressure gradients (Chrispeels & Maurel, 1994) . These proteins provide organisms with the possibility of accelerating water *Author for correspondence (tel j34 968 21 57 17 ; fax j34 968 26 66 13 ; e-mail mcarvaja!natura.cebas.csic.es). movement across membranes, although lipid bilayer-mediated diffusion will still occur in parallel. Furthermore, the ability to increase or decrease the water permeability of a cell seems to justify the enormous cost of expressing large amounts of these proteins (Scha$ ffner, 1998) . Expression of aquaporin genes of the PIP (plasma membrane intrinsic protein) class was induced by desiccation in glycophytes (Guerrero et al., 1990 ; Fray et al., 1994 ; Yamada et al., 1997) . However, in Mesembrianthemum cristalinum and Nicotiana excelsior the expression of aquaporin genes was down-regulated for the first 30 h following salt stress (Yamada et al., 1995 (Yamada et al., , 1997 . In this case, as these species are halophytes, they must show differences in the regulation of aquaporin gene expression with respect to glycophytes. Therefore the gene multiplicity observed may reflect demands for controlling the water permeability of membranes by differential gene expression and\or by specialized functions. In previous work we suggested that salinity affects water-channel function in Capsicum annuum plants, possibly both by gene expression and by biochemical changes in the water-channel protein (Carvajal et al., 1999) such as phosphorylation, which has been reported to be a mechanism for molecular gating of aquaporins (Johansson et al., 1996) .
Plant aquaporins were firstly functionally characterized after expression in Xenopus oocytes (Preston et al., 1992 ; Maurel et al., 1993 ; Daniels et al., 1994) . Some experiments have also been conducted with reconstituted liposomes, where only one type of aquaporin was present (Van Hoek & Verkman, 1992) and they behaved as in oocytes. Later, functional evidence for aquaporin activity was obtained from pressure probe measurements on giant internodal cells of the Characeae (Henzler & Steudle, 1995) . Cultured Nicotiana tabacum cells and cells of Triticum aestivum roots have been used for studies of water permeability of tonoplast and plasma membrane vesicles by stopped-flow spectrometry, providing functional evidence for channel-mediated water transport (Maurel et al., 1997 ; Niemietz & Tyerman, 1997) . Kaldenhoff et al. (1998) showed that down-regulation of the plasma membrane aquaporin AtHH2 in Arabidopsis reduces the rate at which protoplasts swell when exposed to a hypotonic medium.
Calcium appears to play an important role in the water transport of plants growing under salt stress, as its concentration in the nutrient solution can determine the restoration of root hydraulic conductivity (Azaizeh & Steudle, 1991) . Calcium ions are well known to have regulatory roles in metabolism, and sodium ions may compete with calcium ions for membrane-binding sites. It has been hypothesized that high calcium levels can protect the cell membrane from the adverse effects of salinity (Cramer et al., 1986) . Also, calcium and apoplastic water potential have been reported to be involved in the phosphorylation of the water channel PM28A present in the spinach (Spinacia oleracea) plasma membrane (Johansson et al., 1996) .
Considering the role of calcium in the plasma membrane and its possible impact on the regulation of water channel function, we present here studies on the effect of calcium treatments on the regulation of water transport through roots of melon plants growing under saline conditions. We also used protoplasts from melon roots for measuring the effect of NaCl on osmotic water permeability and the role of aquaporins in the permeation of water through the plasma membrane.
  

Plant culture
Seeds of melon, Cucumis melo L. (cv. Amarillo oro), were pre-hydrated with aerated de-ionized water for 24 h and germinated in Petri dishes at 28mC in an incubator. After 2 d the seedlings were placed in 3 l containers (five plants per container) and transferred to a controlled-environment chamber with a 16 h light-8 h dark cycle, with air temperatures of 25 and 20mC, respectively. The relative humidity (rh) was 60% (day) and 80% (night), and photosynthetically active radiation (PAR) was 400 µmol m −# s −" provided by a combination of fluorescent tubes (Philips TLD 36 W\83, Germany and Sylvania F36 W\GRO, USA) and metal halide lamps (Osram HQI.T 400 W, Germany). The seedlings were supplied with a half-strength modified Hoagland's nutrient solution (Epstein, 1972) . The solution was replaced every 4 d. After 6 d, 10 mM CaCl # was added to half of the plants and after 8 d, 50 mM NaCl was added to half of the plants previously treated with CaCl # and to half of the untreated (control) plants. After 3 d NaCl application, the sap flow and osmotic pressure of the sap were measured and the hydraulic conductance calculated. Measurements were made on five plants per treatment.
Hydraulic conductance
The method was based on volume flow through detached-root systems. The aerial parts of the plant were removed, leaving the base of the stem which was sealed with silicone grease into a tapered glass tube. After 2 h the exuded xylem sap was collected using a finely drawn out Pasteur pipette, and transferred to an Eppendorf tube. The amount of sap was determined by weight. The roots were removed and weighed. Sap flow (J v ) was expressed in mg g −" root f. wt h −" . Samples of sap (50 µl) were placed in Eppendorf tubes, and the osmotic potential of the sap and the root-bathing medium measured using an osmometer (Digital Osmometer Roebling, Berlin), which was calibrated using a standard solution of KNO $ . The osmotic pressure difference between the xylem sap and the external solution, ∆Ψ π , was calculated from the osmolarity values. The driving force, ∆Ψ π , used to estimate root hydraulic conductance, L ! , which has the units mg g −" root f. wt h −" MPa −" was :
Mercuric chloride treatment
After 72 h of treatment, mercuric chloride (50 µM) was added to the nutrient solution of plants from which shoots had been excised for the measurement of the initial values of J v and L ! . After 5 min the plants were transferred to a nutrient solution without Hg, and the exuded sap was measured after 1 h. The sap was removed using a Pasteur pipette with a finely drawn-out tip. Mercury was scavenged from roots with DTT (5 mM). After 1 h the exuded sap was measured as described above, removed from the tube, and its osmolarity determined.
Plasma membrane isolation
Plasma membranes were isolated using the twophase aqueous polymer technique (Larsson et al., 1987) as follows. Approximately 15 g fresh root material were finely chopped and vacuum-infiltrated with 60 ml 50 mM Hepes and 0.5 M sucrose, adjusted to pH 7.5 with NaOH, plus 1 mM DTT, 5 mM ascorbic acid and 0.6% insoluble PVP (w\v). The buffer-saturated material was homogenized using a pestle and mortar, and filtered through a 240-µm-pore-diameter nylon cloth. The filtrate was centrifuged at 10 000 g for 15 min and the supernatant further centrifuged at 100 000 g for 30 min to yield a microsomal pellet which was resuspended in 2 ml 0.33 M sucrose in 5 mM phosphate buffer (pH 7.8). The suspension (2 ml) was added to 6 g of an aqueous two-phase mixture producing 8 g of a twophase system with a final composition of 6.0% (w\w) Dextran T500 (Pharmacia), 6.0% (w\w) polyethylene glycol (PEG) 3350 (Sigma), 3 mM KCl, 5 mM phosphate buffer pH 7.8 and 0.33 M sucrose. The phase system was centrifuged for 3 min at 4000 g. The resulting plasma membranes (upper phase) were purified using a batch procedure (Larsson et al., 1987) . The third upper phase was diluted with phosphate buffer pH 7.8, centrifuged at 100 000 g for 30 min, the resulting pellet resuspended in 0.9 ml 5 mM MES-Tris, 0.25 M sorbitol at pH 6.5, and stored at k20mC.
Protein determination
Protein was determined by the method of Bradford (1976) using the Bio-Rad reagent with BSA as standard.
Cation analysis
The concentrations of Ca# + in the xylem sap and in the root plasma membrane were determined by atomic absorption spectrophotometry (Perkin Elmer 5500, Norwalk, CT, USA).
Protoplast isolation
Finely chopped root segments from the apical 3-6 cm of the primary root from control and Ca# + -treated plants were digested in a solution containing 0.6 M mannitol, 1 mM CaCl # , 2% (w\v) cellulose, 0.1% (w\v) pectolyase, 0.05% (w\v) BSA and 0.5 mM DTT (pH 5.6). After 3.5 h gentle shaking at 27mC, protoplasts were separated from partially digested tissue by repeated filtration through 60 µm nylon mesh with a suspension medium containing 0.7 M mannitol, 0.1 mM CaCl # , 0.5 mM DTT and 5 mM Tris-MES pH 6.5. The infiltrate was centrifuged at 150 g for 6 min. The pellet was suspended in suspension medium and centrifugation was repeated. The pellet was then suspended in a solution containing 0.7 M mannitol, 0.2 mM KNO $ , 0.1 mM CaSO % , 0.1 mM NaH # PO % , 0.5 mM DTT and 5 mM Tris-MES pH 6.5.
Osmotic water permeability measurements
Protoplast suspensions (15 µl) were dispersed on a microscope slide and the same amount of water was added to decrease to half the osmotic potential of the medium. Changes in the cell volume were followed with a microscope connected to a computer through a video camera to obtain images at 3 s intervals for a total time of 1 min. Calculations of cell volume were carried out using the Leica Q500 computer program (Leica Microsistemas, SA, Barcelona, Spain). The osmotic water permeability coefficient (P f ) was calculated according to the following equation (Zhang & Verkman, 1991) :
(V ! is the initial cell volume, S ! is the initial cell surface area, V w is the molar volume of water (18 cm$ mol −" ), k is the fitted exponential rate constant of the initial phase of the swelling (before the 2% increase of volume takes place), and Osmol in and Osmol out are the internal and external osmolarities, respectively.) These protoplasts were sufficiently large (1800-6500 µm$) for changes in their volume to be detected by video microscopy after decreasing the osmotic potential of the culture medium. For analysis of water permeability, only the early time data were used, before 2% swelling occurred, with the diameter change estimated every 3 s from the area of the two-dimensional protoplast image. At later times, analysis of the time course of volume increase was complicated by mechanical restrictions, dissipation of the osmotic gradient and possible volume regulatory phenomena (Zhang & Verkman, 1991) . Measurements of osmolarity (mOsmol kg −" ) were carried out using an osmometer (Digital Osmometer, Roebling, Berlin, Germany). The cell sap was extracted after cell centrifugation (1000 g for 5 min) by sequential freezing of pellets (initially intact cells) three times in Eppendorf tubes. The cell sap was obtained from the supernatants after centrifugation at 15 000 g and osmolarity was then measured.
Protoplasts from control and 10 mM CaCl # -treated plants were also treated with 50 mM NaCl and the P f measured.
Mercuric chloride treatment
The effect of HgCl # was examined on control, CaCl # -, NaCl-and CaCl # jNaCl-treated cells. In all cases, 50 µM HgCl # was added to the cell suspensions for 5 min. The suspensions were then centrifuged twice at 1000 g for 2 min and the cell pellets resuspended in fresh culture medium. An aliquot was taken for P f measurements and DTT (2 mM) was added to the cell suspension. After 20 min P f was measured again.

The measurements at root level were performed in the middle of the light period when water and nutrient uptake were maximal, so avoiding the diurnal changes that occur in these processes. Hydraulic conductance, L ! ( with 10 mM CaCl # , a slight reduction (30%) was observed when they were compared with the control, but this reduction was only 18% when they were compared with CaCl # -treated plants. Similar results were observed when J v was measured (data not shown).
The L ! of control plant roots declined rapidly to values similar to those of jNaCl plants after 5 min treatment with 50 µM HgCl # (Fig. 2) . A similar effect was observed in the L ! of CaCl # -treated plants. However, NaCl-treated plants were only slightly affected. A significant effect was also noticable when Fig. 4 . Ca# + concentration in the plasma membranes of melon roots isolated from control plants and at 3 d of treatment application : 10 mM CaCl # ; 50 mM NaCl ; 50 mM NaCl previously treated (2 d) with 10 mM CaCl # (n l 5, pSE). 50 mM NaCl was added to plants previously treated with 10 mM CaCl # . The addition of DTT (5 mM) restored L ! to the initial value in all treatments except for NaCl-treated plants, where there was no effect.
There was a slight, but not significant, increase in the flux of Ca# + into the xylem in plants treated with 10 mM CaCl # compared with the control (Fig. 3) . After 3 d of NaCl treatment, a strong decrease in the Ca# + flux into the xylem was obtained. Nevertheless, previous applications of CaCl # to NaCl-treated plants produced a smaller decrease of this parameter.
Concentrations of Ca# + in the plasma membrane (Fig. 4) were increased by CaCl # treatment and were significantly reduced after NaCl treatment, whilst values for plants which received CaCl # before NaCl did not differ significantly from the control.
Immediately after protoplast isolation, the medium was diluted to half-strength with distilled water, which caused an increase in protoplast volume as a consequence of water passing into the protoplasts. The decrease in osmolarity of both the control and Ca# + medium (from 785 to 340 mOsmol kg −" ) and of the NaCl and Ca# + jNaCl medium (from 810 6 . Osmotic water permeability (P f ) of melon protoplasts isolated from roots of control plants and treated with 10 mM CaCl # (for 2 d). NaCl (50 mM) was also added to both (control and CaCl # ) for 2 h and the P f measured (n l 5, pSE).
to 400 mOsmol kg −" ) gave an increase in cell volume which was followed using a microscope. The initial changes in protoplast volume with time (first 6-10 s) were used for the determination of an exponential rate constant, k, which was fitted for data from individual protoplasts (Fig. 5) . The calculation of the osmotic water permeability coefficient, P f (Fig.  6) showed that there were no significant differences between control and Ca# + -treated protoplasts, but a marked decrease was found when the control was compared with NaCl-treated protoplasts. Only a slight decrease in P f was observed in protoplasts 2 h after applying the saline stress when plants had been previously treated with Ca# + (10 mM).
The P f of control protoplasts declined rapidly to values similar to those in NaCl-treated cells after 5 min treatment with 50 µM HgCl # (Fig. 7) . Addition of DTT (2 mM) partially restored P f to initial values. A similar effect was observed for Ca# + -treated protoplasts. NaCl-treated protoplasts were only slightly affected by HgCl # or DTT, but in salinestressed protoplasts previously treated with Ca# + a decrease in P f was observed after HgCl # application, which was restored after adding DTT. No changes in osmotic potential inside the cells were observed after either HgCl # or DTT application (data not shown).

The estimation of the driving force for water movement based on the osmotic potential of exuded sap is valid only if the steady state has been reached. Over long periods, where volumes of sap many times greater than the volume of xylem are collected, the integration of the estimated driving force with the observed flow can be made with increasing confidence. In most of our experiments sap was collected for long enough for several times the xylem volume to be displaced into the collection tube. In the case of NaCl and HgCl # treatments, when necessary sap was collected for a longer period and was equivalent to at least one complete xylem volume displacement. Collection of root exudates under natural root pressure for measuring hydraulic conductance is still widely used. However, in this method the flow rate hardly represents the natural status of transpiring plants (Jeschke & Pate, 1991 ; Else et al., 1995) . Another method is to use the Scholander pressure chamber to pressurize xylem sap out from decapitated plants. However, it is difficult to know exactly how high the applied pressure should be, because different values of pressure can result in different xylem water fluxes (Else et al., 1995) . In any case, the flow rate is influenced by the inherent hydraulic conductivity of root systems to water movement, measured as a conductance.
In the experiments described here, a strong reduction of L ! was observed in melon roots after 3 d NaCl supply. Reductions in root hydraulic conductivity, L p , of salinized plants have been shown in several reports (Shalhevet et al., 1976 ; Munns & Passioura, 1984 ; Evlagon et al., 1990) , suggesting that the osmotic concentration had negative effects on L p . However, we previously reported (Carvajal et al., 1999) that NaCl produced a decrease in the L ! of pepper roots, whereas high concentrations of macronutrients had no effect on this parameter. Therefore there must have been a toxic effect of NaCl rather than an osmotic effect on L ! . In the experiments presented here, CaCl # was able partially to compensate for the toxic effect of NaCl on melon root hydraulic conductance (Fig. 1) . This beneficial effect of calcium on the development of plants grown under saline conditions has been reported previously (Cramer et al., 1985 (Cramer et al., , 1986 (Cramer et al., , 1988 ). Short-term experiments performed by adding supplemental calcium to the saline growth media had only ameliorative effects under NaCl stress (Azaizeh & Steudle, 1991 ; Azaizeh et al., 1992) . These results indicated that the addition of extra calcium could not completely restore growth after salt stress was already imposed, although plants maintained normal root growth rates when high calcium concentrations were present in the growth solution before addition of NaCl (Cramer et al., 1988) . Therefore in our experiments the extra calcium treatment was added 2 days before the NaCl treatment was applied. However, the reduction of L ! obtained in saline plants was not completely prevented by calcium.
Although similar calcium concentrations were obtained in the xylem sap of the melon plant with all treatments in the work described here, in the NaCl treatment the flux of Ca# + into the xylem was highly reduced, and partially restored when Ca# + was added prior to NaCl (Fig. 2) . It has been reported that salinity stress inhibits calcium loading into the xylem of excised barley (Hordeum vulgare) roots and subsequent transport to the shoot (Halperin et al., 1997) . However, the mechanism by which NaCl induces this effect is still the subject of debate. Wolf et al. (1990) concluded that shoot Ca# + accumulation can be inhibited by reduced transpiration, whereas Lynch & La$ uchli (1988) concluded that NaCl stress inhibits xylem loading of Ca# + . In the study by Wolf et al. (1990) , the authors drew conclusions from the fact that xylem Ca# + concentrations were unchanged by salt stress. However, Halperin et al. (1997) argued that if transpiration was reduced, we would expect to see an increased concentration of Ca# + in the xylem sap of the salt-stressed plants. The uptake of Ca# + by roots depends on the transpiration stream ; therefore if the stomatal conductance is reduced in salinestressed plants, a reduction in Ca# + uptake would be expected. Cramer (1996) and Cramer & Jones (1996) found consistent reductions of intracellular Ca# + concentration by NaCl in intact roots of maize (Zea mays) and Arabidopsis. Therefore it could be assumed that the NaCl treatments may produce a reduction in Ca# + concentration in plants.
In the membranes of melon roots, a decrease in Ca# + concentration was measured in those plants grown under saline conditions. However, that decrease was prevented when Ca# + was applied before adding NaCl. Calcium is an important factor in the maintenance of membrane integrity (La$ uchli & Epstein, 1970) . It has been reported that an increase in Ca# + concentration associated with membranes produced a reduction in their leakiness (Leopold & Willing, 1984) . These findings indicate that if Ca# + protects the membranes from the adverse effects of Na + , then in melon root membranes a reduction in Ca# + concentration could decrease the membrane integrity, thus affecting water transport.
In control, Ca# + -treated and NaCljCa# + -treated plants, L ! declined rapidly with Hg treatment towards values similar to those for NaCl-treated plants, which were themselves unaffected by Hg. We used the effect of HgCl # to characterize water transport in melon roots, and to evaluate whether a constitutive pathway for water movement exists in intact roots. The inhibition of water flow across the root by the HgCl # treatment may indicate the proportion of the total water flow which occurs via water channels, as they are characteristically Hgsensitive. Although these experiments do not directly prove the point, it seems likely that the principal perturbation caused by Hg may have been through an effect on the radial movement of water across the root to the xylem, and that this path is proteinmediated. It has been shown that HgCl # blocks the flow of water through aquaporins in plant roots and that the flow can be restored by reducing agents (Maggio & Joly, 1995 ; Carvajal et al., 1996) . Using DTT as a scavenger for Hg# + , the L ! of control, Ca# + -treated and NaCljCa# + -treated roots was quickly restored to its pre-treatment value. However DTT had only slight effects on NaCl-treated plants.
Therefore the very weak response of the L ! of saltstressed roots to Hg treatment could be because water channels were greatly reduced in number or, if present, were non-functional. Also, the ameliorative effect of Ca could be explained in terms of some effect (direct or indirect) of that cation on the plasma membrane water channels.
Osmotic water permeability measurements have been used in Xenopus oocytes for the identification of functional aquaporins (Preston et al., 1992 ; Maurel et al., 1993 ; Daniels et al., 1994 ; Karmmerloher et al., 1994) . For such large cells, the permeability time is so long that the mixing time (when the osmotic shock occurs) can usually be neglected. However, mixing time must be taken into account for smaller cells. Recent determinations of Saccharomyces membrane water permeability using a mixing reactor have revealed that L p is the same whatever the mixing-time constant (Martı! nez de Maran4 o! n et al., 1997) . Other recent reports showed that rape (Brassica napus) protoplasts, fixed through suction applied to a glass pipette, had a linear variation for c. 10 s (Ramahaleo et al., 1999) . In our experiments the mixing time was c. 3 s, therefore we still were in the linear part of the curve as shown in Fig. 5 . The results clearly showed that there was a very great decrease in osmotic water permeability in NaClstressed protoplasts. That finding was observed for the first time in membranes of a higher plant by Azaizeh et al. (1992) , who reported in response to NaCl reductions of one order of magnitude in the hydraulic conductivity of maize cortical cells, compared with the control, being 10 −' and 10 −( m s −" MPa −" for the control and NaCl-treated cells, respectively. After conversion of our data from P f to L p , the values were in the range 0.2-1.1 10 −( m s −" MPa −" , in agreement with those found in the literature for different species (Steudle et al., 1987 ; Zhu & Steudle, 1991) . In this paper, the evidence that most of the water crossed the plasma membrane through aquaporins in control protoplasts came from observation of the decrease in P f after Hg application (85% reduction). These results support the idea that aquaporins can account for most of the water permeability in melon root cells. In contrast to this effect, HgCl # slightly decreased the osmotic water permeability of NaCl-treated protoplasts. The fact that a strong decrease in P f was observed in NaCltreated protoplasts compared to controls, and that there was practically no Hg inhibition, led us to consider that aquaporins were inactivated. Ramahaleo et al. (1999) suggested that mercury could be damaging the protoplasts in their experiments, since the reduction in P f could be interpreted as the induction of leakage of osmoticum across the membrane. However, in our experiments the fact that Hg was present in the protoplast media for only 2 min and was then removed could explain why damage to the cells was greatly reduced. Measurements of Hg-
